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Abstract: The present paper deals with the investigation of quasi-static and dynamic mechanical
response of epoxy-based composites reinforced with flax and/or jute plain weave fabrics. In order
to evaluate the influence of the stacking sequence, two monolithic laminates reinforced with flax
or jute fibers and two hybrid flax/jute laminates were manufactured through the vacuum infusion
technique. Furthermore, an eco-friendly and cost-effective surface treatment based on fiber soaking in
a sodium bicarbonate solution was employed to improve the fiber-matrix adhesion. The mechanical
characterization (by means of quasi-static flexural, dynamic mechanical thermal analysis and
Charpy impact tests) allowed to evidence that the sodium bicarbonate treatment leads to noticeable
improvement of the mechanical performances of flax reinforced composites, whereas jute composites
experience a slight decrease of their mechanical properties. Overall, the hybridization allows to
achieve intermediate mechanical properties among those of monolithic composites. Furthermore, the
coupled action of hybridization and surface treatment does not lead to a beneficial and reliable effect
on the mechanical response of the resulting composites.
Keywords: green composites; sodium bicarbonate treatment; hybridization; mechanical
characterization
1. Introduction
The production of composite materials from bio sources have gained increased interest over
the last decades with the aim to reduce the environmental pollution and to create a closed loop for
products’ lifecycle [1,2]. In this context, lignocellulosic fibers find, nowadays, established applications
mainly in the building and automotive fields as reinforcement of polymeric-based materials thanks
to their specific mechanical properties, low density, low raw material cost, low-cost production and
processing, large availability, lightweight, biodegradability, and recyclability [3,4]. Furthermore, in
contrast to synthetic fibers, such as glass, carbon, and Kevlar, these fibers are renewable and have a
CO2-neutral life cycle.
In spite of this, natural fibers also present several drawbacks that make their use feasible only
in non-structural or semi-structural applications, thus limiting the large-scale industrial adoption of
natural fiber composites [5]. In particular, besides their inherently variability in mechanical properties
and high tendency to moisture absorption, the main weaknesses of these fibers are represented by
lower mechanical properties than the synthetic counterparts and poor adhesion with several different
polymeric matrices [6,7].
Materials 2019, 12, 1363; doi:10.3390/ma12091363 www.mdpi.com/journal/materials
Materials 2019, 12, 1363 2 of 18
In order to overcome these issues thus obtaining natural fiber reinforced composites with tailored
mechanical performances, possible solutions are represented by surface treatments of natural fibers
and/or their hybridization (e.g., with synthetic or dissimilar lignocellulosic fibers).
With regard to fiber treatments, both physical [8–10] and chemical methods [11] have been
employed with the aim to improve the compatibility between hydrophilic natural fibers and
hydrophobic polymeric matrices [12]. Among chemical approaches, the most widely adopted is
the alkali treatment also called mercerization. Several papers are available in the literature concerning
the effects of this treatment on the composites properties as a function of solution concentration,
temperature and immersion time [13–16].
Even if chemical treatments lead to noticeable improvement of the fiber-matrix compatibility, they
are often expensive and environmentally harmful due to the large amount of hazardous chemicals
involved, thus making them industrially less attractive. On this basis, an eco-friendly and cost-effective
treatment based on the soaking of natural fibers in a sodium bicarbonate solution was carried out in
our previous paper [17] with the aim of improving the compatibility of short sisal fibers to an epoxy
matrix. Sodium bicarbonate is not environmentally dangerous or harmful for human health (i.e., it is
frequently used as antacid for medical purposes, as leavening agent to bake cakes and bread and in
the manufacture of sodium carbonate—Na2CO3). Furthermore, the very low cost of the raw material
makes its use promising for large-scale industrial technologies, leading this surface treatment approach
potentially reliable and effective in the industrial field.
Thanks to the results achieved in this first paper, other researchers focused their attention during
the last years on the effect of this new method on the adhesion between epoxy and polyester matrices
with coir fibers [18,19], epoxy with flax fibers [20], and poly-lactic acid with sisal fibers [21], thus
confirming the suitability and versatility of the proposed treatment.
Another approach widely used to properly tailor the mechanical and physical properties of
natural fiber reinforced composites is the hybridization of these natural fibers with stronger and more
aging resistant synthetic fibers such as glass [22–25] carbon [26–32] and Kevlar [33,34] or mineral
fibers, such as basalt [35–40]. On the other hand, few literature references are available until now on
hybrid composites reinforced with different natural fibers [41–43]. For instance, Karaduman et al. [41]
evaluated the effect of stacking sequence on the mechanical properties of hybrid flax/jute fibers
reinforced thermoplastic composites using polypropylene and maleic anhydride grafted as matrix
materials. Mohan and Rajmohan [42] evaluated the mechanical properties of hybrid banana/flax/jute
composites as a function both of the stacking sequence and of the weight content of multi-walled
carbon nanotubes. Wear and dynamic mechanical behavior of jute/hemp/flax-reinforced composites
were analyzed by Chaudhary et al. [43] with the aim of using them in tribological applications.
However, a study aimed to assess the relationship between the mechanical performances in
quasi-static and dynamic conditions of monolithic and hybrid natural fiber composites and how they
can be influenced by an innovative fiber surface treatment is particularly needed in order to deepen
the knowledge of this class of materials in specific conditions.
In such a context, the present paper deals with the investigation of hybridization and fiber
treatment on the mechanical properties of natural fiber reinforced composites. In more detail, two
woven fabrics having the same architecture and similar areal weight were used to evaluate how
the hybridization of two natural fibers such as flax and jute having apparently similar mechanical
properties can influence the mechanical response of the resulting composites. Moreover, a promising
eco-friendly treatment was employed with the aim of improving the mechanical properties of the
composites, thus extending their use to a wide range of applications.
2. Materials and Methods
Eight composite laminates (i.e., four reinforced by fabrics as received and four with treated fabrics)
with dimension of 300 mm × 300 mm were manufactured, in the composite materials laboratories of
University of Palermo, through vacuum assisted resin infusion [44,45], a close mold technique where
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dry plies are placed and compacted by a vacuum bag. In particular, the dry fabrics contained in the
mold is then impregnated by resin, which flows through, mainly driven by vacuum [46]. All the
laminates were cured at 25 ◦C for 24 h and post-cured at 50 ◦C for 8 h. A two-stage vacuum pump was
used to create maximum vacuum equal to 0.1 atm (absolute).
Two twill weave woven fabrics were used in the manufacturing of the laminates: i.e., jute, supplied
by Composites Evolution (Chesterfield, UK), and flax supplied by Lineo (Valliquerville, France), having
areal weight of 400 g/m2 and 320 g/m2, respectively. An epoxy resin SX8 EVO supplied by Mates
Italiana s.r.l. (Segrate-Milano, Italy) mixed with its own amine-based M-type (medium reactivity)
hardener (100:30 mix ratio by weight) was used as matrix. With regard to the fiber treatment, both
fabrics were immersed in a solution of sodium bicarbonate (10 wt%) for five days at 25 ◦C. At the
end of the soaking, fabrics were washed with distilled water and dried in an oven at 40 ◦C for 24 h.
Afterwards, they were dried at 103 ◦C for further 24 h in an oven to remove the residual moisture.
Table 1 reports the stacking sequence, nominal thickness, volume contents (i.e., fiber, matrix, and
void), and theoretical and experimental densities for each laminate.
Table 1. List of manufactured composite laminates.
Code StackingSequence 1 Fabrics
Thickness
(mm)
Fiber
Content
(%)
ρe
(g/cm3)
ρt
(g/cm3)
Void
Content
(%)
Flax-AR [F]5 as received 3.38 ± 0.03 0.316 1.234 1.287 4.12
Flax-T [F]5 treated 3.71 ± 0.04 0.273 1.279 1.239 3.17
Jute-AR [J]5 as received 4.72 ± 0.09 0.326 1.301 1.237 4.91
Jute-T [J]5 treated 5.65 ± 0.05 0.258 1.282 1.225 4.48
F-Hybrid-AR [F/J/F/J/F] as received 3.96 ± 0.03 0.296 1.266 1.211 4.31
F-Hybrid-T [F/J/F/J/F] treated 4.39 ± 0.11 0.255 1.260 1.208 4.11
J-Hybrid-AR [J/F/J/F/J] as received 4.19 ± 0.05 0.338 1.274 1.213 4.77
J-Hybrid-T [J/F/J/F/J] treated 4.90 ± 0.17 0.279 1.264 1.207 4.48
1 F = twill weave flax fabric; J = twill weave woven jute fabric.
The experimental density ρe was measured using a Pycnomatic ATC helium pycnometer (Thermo
Electron Corporation, Waltham, MA, US) whereas the theoretical density ρt was calculated with the
following equation:
ρt =
1(
W f
ρ f
)
+
(
Wm
ρm
) (1)
where ρm and Wm represent the density and the weight content of epoxy matrix, respectively, whereas
ρf and Wf represent the density and the weight content of fiber, respectively.
Void volume fraction (νV) of each composite was evaluated by comparing its experimental and
theoretical densities as the following:
νV =
ρt − ρe
ρe
(2)
For the mechanical characterization, specimens were cut from the laminates to their nominal
dimensions depending on the specific test, by using a water-cooled diamond blade saw.
2.1. Quasi-Static Flexural Tests
Three point bending tests were carried out according to ASTM D790 standard on prismatic samples
(15 mm × 80 mm) using an electromechanical universal testing machine model Z005 (Zwick-Roell,
Ulm, Germany), equipped with a 5 kN load-cell (Zwick-Roell, Ulm, Germany). The support span was
set to 64 mm and the crosshead speed to 2 mm/min. Five specimens for each condition and layup
were tested.
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The flexural stress σ and strain ε were calculated with the following equations:
σ = 3PL/2bd2 (3)
ε = 6Dd/L2 (4)
where P is the applied load (N), L the support span (mm), b the sample width (mm), d the sample
depth (mm), and D the midpoint deflection (mm), respectively.
2.2. Dynamical Mechanical Thermal Analysis
Dynamic mechanical thermal tests were performed in tensile mode according to ASTM D 4065
standard, using a dynamic mechanical analyzer model DMA+150 (Metravib, Limonest, France). Three
prismatic specimens (3 mm × 46 mm) per laminate were tested from room temperature to 150 ◦C with
heating rate of 3 ◦C/min, in nitrogen atmosphere. The dynamic displacement and the displacement
frequency were set equal to 5 × 10−6 m and 1 Hz, respectively.
2.3. Charpy Impact Tests
Impact tests were carried out according to EN ISO 179 standard, using a Charpy pendulum model
9050 (CEAST, City, Italy), equipped with a pendulum of potential energy equal to 5 J and impact speed
of 3.8 m/s. Five un-notched prismatic specimens (80 mm × 10 mm) of each laminate were tested at
room temperature.
2.4. Morphological Analysis
Morphological analysis was performed on the fractured surfaces of impact tested specimens by
using a Phenom Pro X scanning electron microscope, SEM (Phenom World, Eindhoven, Netherlands).
Before analysis, each specimen was sputter-coated with a thin layer of gold to avoid electrostatic
charging under the electron beam. The micrographs were obtained at a voltage of 15 kV.
3. Results and Discussion
3.1. Quasi-Static Flexural Tests
3.1.1. Effect of Surface Treatment
Flexural stress and modulus versus strain typical curves for jute and flax untreated laminates (i.e.,
Flax-AR and Jute-AR) are shown in Figure 1.
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Four regions can be identified:
1. Initially, a stabilization region at very low strain is evident. The stress and flexural modulus are
quite low and progressively increase at increasing strain. This region can be ascribed to the tools
adjustment and it is not related to a mechanical behavior of the composite laminates;
2. Afterward, the stress-strain curve has a linear trend, indicating a clear elastic regime. A maximum
in modulus is reached both for jute and flax laminates with the former stiffer than the latter one;
3. However, at increasing strain, both laminates show a deviation from the linear trend, showing
a marked elastic-plastic regime. This behavior is more pronounced for the flax laminate as
shown by the progressive reduction of the flexural modulus trend from about 4000 MPa to about
1000 MPa. On the other hand, in the jute sample the elasto-plastic regime is less pronounced and
a modulus reduction from about 4700 MPa to about 2500 MPa can be identified. The maximum
in stress is reached for both laminates (i.e., equal to about 90 MPa and 75 MPa for jute and flax
laminates, respectively);
4. Finally, the sample fracture occurred. In the case of the jute laminate the fracture found is
catastrophic with a sudden and abrupt collapse of the load. In the flax laminate the fracture,
evidenced stepwise trend with a slight progressive evolution of the damage that falls down
progressively up to 30% of the maximum load with a maximum strain of 6.5%.
The comparison of the flexural curves (Figure 1) clearly provides a first indicative discrimination
between the laminates. Jute-AR laminate has a predominantly elastic behavior with a brittle and
catastrophic fracture. The flexural strength and modulus are equal to 88.8 MPa and 4.78 GPa,
respectively, whereas the strain at maximum stress is equal to 2.77%. Conversely, Flax-AR laminate
shows a mainly elasto-plastic behavior with a lower strength and stiffness (i.e., 73.7 MPa and 3.85 GPa,
respectively) but higher strain at maximum stress (i.e., 5.0%) compared to its counterpart. These results
can be ascribed both to the mechanical behavior of dry fabrics and to the fiber adhesion with the epoxy
resin used as matrix. In particular, tensile tests on dry fabrics showed that jute fabrics result stiffer and
less resistant than flax ones (Figure 2). Furthermore, the elongation at break of flax fabrics is greatly
larger than that of jute fabrics.
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Consequently, the higher flexural modulus exhibited by the jute laminate can be due to the stiffer
behavior of jute fabrics in comparison to flax ones. On the other hand, the jute laminate shows higher
flexural strength than the flax one thanks to the better adhesion between jute fibers and epoxy matrix,
as will be shown by the morphological analysis. Moreover, the higher deformation at break shown by
the flax laminate is mainly due to the greater deformation capability evidenced by flax dry fabrics in
comparison to their counterparts.
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In order to acquire useful information about the effect of the sodium bicarbonate treatment on the
mechanical performances of composite laminates, the stress and flexural modulus trends versus strain
for Flax-T and Jute-T batches are reported in Figure 3.
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A significant modification on echanical performances can be identified compa ing Flax-AR
and Flax-T l minates, Figures 1a and 3a, respectiv ly. In more detail, the treated flax fib rs fa or the
stre gthening and stiff ning of the resulting laminates. The strain at failure is significantly reduced
coupled to a reduction of the elasto-pl sti regime in the stress-strain curve. The Flax-T sample
reaches a m ximum strength of bout 100MP and an elastic modulus above 5500 MPa. The sodium
bicarbonate treatme t o flax fibers allowed to obtain a composite l minate with more effective
mechanical erform nces compared to as received flax based one, favoring a strength ning effect on
the flax fiber coupled to an improvement f flexural modulus.
On the other hand, Jute-T laminate (Figure 3b), compared with the untre ted one (Figure 1b),
is characterized by a modulus trend quite simil r, ind cating that the sodium bicarbonate treatment
in the ju e fiber does n t affect sig ificantly th s iffness of the composite laminate. Moreover, a still
brittle fracture be vior can be observed although slight reductions of stre gth and strain at failure are
evident in comparison to Flax-AR laminate. This means that a feebl effect on the adhesion betwe jute
fibers and poxy resin is a hieved through the sodium bicarbonate treatment. Furtherm re, the fiber
soaking in the NaHCO3 solution could favor softening and damaging effects on the jute morphology,
leading to the flexur l modulus reduction of th resulting composites. A further effect of the sod um
bicarbonate treatment consists in the reduction of lignin and hemicellulose amounts in the fiber bulk,
thus c eating pr ferential pathways for damage triggering an propagatio . This leads to a higher rate
of damage gr wth as a consequence of th lower yarn stiffness [47].
Th se results cl arly point out that fib r-matrix adhesion was greatly enhanced after the sodium
bicarbonate treatment for flax fibers wherea , as previously sta ed, the compatibility between poxy
matrix and jute fiber did not exhibit any improve ent. This different behavior is be ter highlighted
by comparing the distribution of stress-strain curves of flax and jute laminates reinforced with raw
and tr ated fabri s (Figure 4). All batch s show a quite homogeneous distribution of curve with
almost compatible mechanical behavior. In particular, anal zing Figure 4a, all Flax-T sampl s showed
higher mechanical performances compared to Flax-AR laminates. I addition to high strengt and
stiffness, Flax-T samples sh wed a more brittle behavior. The large elasto-plastic deformation, sho n
by Flax-AR l minates, is significantly reduced and the fracture occurs w th an abrupt reduction of
the load. On the other a d, no noticeable variation in the slope can be highlighted for jute batches
Materials 2019, 12, 1363 7 of 18
(Figure 4b). Furthermore, premature failures at lower values of stress and strain are observed for all
Jute-T laminates in comparison to Jute-AR ones.
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By analyzing the flexural properties of the laminates manufactured using the treated fabrics, it is
possible to better quantify how the sodium bicarbonate treatment on natural fibers is able to enhance
or to depress stiffness and strength of the resulting composites. In particular, it is evident that the
sodium bicarbonate treatment greatly improves the mechanical properties of flax laminates whereas
jute laminates do not experience any noticeable variation. In more detail, the average values of flexural
strength and modulus of Flax-T laminates (i.e., those reinforced with treated fabric) are +40% and
+46% higher than those of Flax-AR laminates (i.e., reinforced with fabric as received), respectively.
Consequently, the deformation at break of flax laminates varies from 5.2% to 3.0%, due to the sodium
bicarbonate treatment. At the same time, jute laminates do not improve their flexural properties as a
consequence of the NaHCO3 treatment: i.e., flexural strength decreases from 87.6 MPa to 80.8 MPa,
elongation at break from 3.0% to 2.4% whereas flexural modulus remains almost constant (i.e., 4.36 GPa
vs. 4.42 GPa). It is also worth noting that the flexural properties of flax laminates are characterized
by a standard deviation about twice the one of jute laminates, indicating a larger distribution of
data. This experimental evidence can be ascribed to the higher heterogeneity in the morphology of
the flax laminate than jute one. As observed by Hamad et al. [48], flax fibers are characterized by
irregular fiber cross-section and internal lumen shape, unlike jute fibers that exhibit a homogenous and
regular internal lumen structure and a quite circular cross-section shape. This different morphology
could induce a lower dispersion in mechanical performances in jute-reinforced composites than in
the flax one. The heterogeneity in flax fiber reinforcement could be related to the presence of both
elementary and technical fibers (i.e., naturally adhering bundles of elementary flax fibers). Therefore,
under mechanical stress, local fractures can occur caused by the elementary fibers that are pulled out
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both from the matrix or from the technical fiber bundles [49]. The reciprocal adhesion of flax fibers
could be locally low, influencing the distribution of the mechanical performances in the composite
laminates [50].
3.1.2. Effect of Hybridization
Further interesting information can be obtained by analyzing the evolution of the mechanical
behavior of the laminates as a function of both the stacking sequence hybridization and of the NaHCO3
treatment. Figure 5 shows the trend of stress-strain bending curves for hybrid and monolithic laminates
reinforced with as received (Figure 5a) and treated vegetable fabrics (Figure 5b).
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By analyzing the bending curves for untreated fiber la inates, it is orth oting t at rid
la inates exhibit an intermediate mechanical behavior between Jute-AR and Flax-AR laminates.
F-Hybrid-AR and J-Hybrid-AR show a similar stiffness trend at low strain values even if the ybrid
stacking sequence ith external jute fibers (i.e., J- ybrid-AR) evidences a slight lo er stiffness
co pare t F- ri - sa l . Further ore, J- ybrid- sa ple sho s a lo er strain at failure
co pared to its ybrid counterpart (i.e., F- ybrid- R). This is due to the bri tle behavior of the jute
fibers hich, being laced as external la ina, significantly influence the flexural behavior of the
co posite la inate itself, thus leading to a pre ature first play failure (FPF). It is also te orthy
that J- ybrid- la inates exhibit a residual strength, identifia l by the stress step at about 50 MPa,
due to the second play failure (SPF) related to the internal flax fibers, which being more flexible fibers
a lo t ff ef r ation states imposed during bending test postponi g a complete collapse of the
composite laminate. The F hybrid-AR laminate shows only a clear FPF due to tensile fracture of the
external fl x mina. Afterwa d, the int r al jute lamin is ot able to suffer the residual tress and an
abrupt st ess reduction at FPF strain akes place. This ybridized stacking sequence r presents an
effective d sign compromise, since it maximizes the stress transfer among l inas without implying
premature fractures at low stress and strain levels. Indeed, F hybrid-AR sample shows acceptable strain
at failure (i.e., about 4%) and very high maximum stress which is also higher than Jute-AR laminate.
A significantly different behavior is observed by analyzing the treated laminates. The sodium
bicarbonate treatment on the v getable fiber has led to similar mechanical behavior of the tw types
of fibers. Flax-T and Jute-T laminates have a quit similar stress-str in trend. This implies that also
hybrid composite laminates show a ignific nt compatible m chanical behavior. All laminates have
a maximum stress of about 80–100 MPa and a strain at failure of about 2.7–3.2%. Neverthel s, it is
worth noting that the flax based laminates (Flax-T and F-Hybrid-T samples) are charac erized by a
feeble higher strength and stiffness compared to jute based ones (Jute-T and J-Hybrid-T samples).
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These results indicate that the hybridization does not bring benefits if the vegetable fibers are
treated in sodium bicarbonate solution. As previously stated, this NaHCO3 treatment implied a
reduction of the adhesion interaction of the jute fibers with the epoxy resin. Vice versa, there is an
increase in the adhesive properties of the initially flexible flax fibers. This involve a softening of the
jute based laminates and a stiffening effect on the laminates with the predominant flax laminae.
This behavior can be ascribed to the different interaction of the two natural fibers with the sodium
bicarbonate treatment. Flax fibers are mainly constituted by cellulose (i.e., about 90%) and a low
content of lignin (i.e., up to 4%) [51]. Conversely, jute fibers show cellulose and lignin contents equal
to about 70% and 25%, respectively. It is known that the sodium bicarbonate treatment is able to
remove impurities, such as wax and fatty substances, from the fiber surface [21] as well as to reduce
the amounts of hemicellulose and lignin [18]. Therefore, NaHCO3 treatment could induce a softening
effect on jute fibers, due to their higher amount of lignin in comparison to flax fibers. With regard to
flax fibers, the proposed treatment leads just to the removal of the impurities in the fiber skin but it is
not able to chemically interact within the fiber core due both to the lower lignin content and to a more
compact structure, in comparison to jute fibers [48].
Further studies aimed to deeper investigate the phenomena that lead to this different response of
jute and flax to the sodium bicarbonate treatment will be carried out in future studies, with the aim
to highlight the superficial interaction of natural fibers with the NaHCO3 alkaline solution and the
related modifications induced by this interaction.
3.2. Dynamic Mechanical Thermal Analysis
3.2.1. Effect of Sodium Bicarbonate Treatment
The trends of tan δ (i.e., damping factor) versus temperature for all the fiber monotype laminates
are shown in Figure 6. As is widely known [52–54], the curve shape of damping factor is greatly
affected by the fiber–matrix adhesion since the loss to storage modulus ratio (E”/E′) is strictly depend
on dissipative phenomena. In particular, the tan δ modification can be associated both to shear stresses
concentration at the fiber/matrix interface and to viscoelastic energy dissipation in the bulk of the
matrix [15]. Therefore, a high damping value takes place in soft fiber–matrix interfaces. Conversely,
an effective adhesion between the composite constituents implies a stiffer fiber-matrix interface, thus
leading to the decrease of the damping factor [52].
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By bserv Figure 6, it is worth noting that all the curves pre ent two different peaks. As
d scribed in previous papers [20,55,56], the first peak is re ted to the glass transition temperature of
the epoxy matrix whereas the second peak at higher temperatur s can be asc ib d to micro-mechanical
transition due to the presence of n immobiliz d polymer layer b tween fiber and matrix: i.e.,
fiber–matrix interphase [57].
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By comparing untreated laminates (blue curves in Figure 6), it is possible to note that both peaks
are found at higher temperatures for jute laminates than flax ones (82 ± 0.1 ◦C vs. 75.4 ± 1.5 ◦C
and 108.3 ± 1.0 ◦C vs. 105.6 ± 1.3 ◦C for the first and second peak, respectively). Furthermore, jute
laminates showed lower magnitude of both peaks. Since a weak fiber-matrix adhesion leads to higher
values of tan δ [52], while a stronger interface limits the mobility of the polymer chains, thus reducing
the damping, these results confirm that, without any treatment, jute fabrics present better adhesion
compatibility to the epoxy resin, in comparison to flax fabrics.
Regarding to the effect of the sodium bicarbonate treatment, the shift observed in the damping
factor curves are in agreement with the results of the quasi-static flexural characterization. In particular,
Figure 6a shows that by soaking flax fabrics in sodium bicarbonate solution, the temperature of both
peaks remains almost constant whereas the peaks magnitude noticeably decreases (i.e., 0.574 ± 0.043
vs. 0.372 ± 0.026 and 0.329 ± 0.017 vs. 0.279 ± 0.012, respectively), thus confirming the beneficial
effect of the proposed treatment on the adhesion between flax fiber and epoxy resin. Vice versa,
Jute-T laminates show both damping peaks at the same temperatures but with greater heights in
comparison to laminates reinforced with raw jute fabrics. This experimental evidence confirms that a
slight worsening of the adhesion between jute fibers and the epoxy resin is achieved after the sodium
bicarbonate treatment.
3.2.2. Effect of Hybridization
Figure 7 shows the tan δ trends at increasing temperature for all hybrid laminates. Analogously to
dynamic mechanical thermal analysis (DMTA) results obtained for fiber monotype laminates (Figure 6),
it is possible to note a reduction of the damping factor in F-Hybrid-T laminates and an increase in
J-Hybrid-T laminates.
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In particular, for flax based hybrid laminates (Figure 7a) the sodium bicarbonate treatment induces
a reduction mainly of the secondary peak at high temperature. This indicates that an enhancement of
interfacial adhesion occurred. On the other hand, the quite constant magnitude of the main peak at
low temperature, related to Tg of the matrix, indicates that no modification in chain m bility of the
epox matrix can be identified. A more evident modification of the dynamic mechanical behavior
takes place on jute based hybrid laminates (Figure 7b) due to the fiber treatment. In this case, the
sodium bicarbonate treatment of the fibers implies an increase of both tan δ peaks. This behavior is
associated, on the ne hand, with the reduction of the interface properties of jute fibers (i.e., peak at
about 110 ◦C), which plays an important role in this staking sequence. At the same time, t ere is an
increase in magnitude of the main peak at about 80 ◦C. This could be due to a less effective cross-linking
of the matrix i duced by the low chemical interacti n between jute fibers a d matrix, which may have
induced a larger c ain mobility in the bulk of the matrix itself [52,58].
The dynamic mechanical thermal characterization confirms the suitable and reliable effect of the
stacking sequence hybridization of coupled flax-jute fibers. Nevertheless, the sodium bicarbonate
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treatment on fibers significantly hinders the beneficial effects of hybridization on the lignocellulosic
composite laminates thus limiting its efficiency on static and dynamic mechanical performances.
3.3. Impact Tests
It is widely known that, by acquiring data concerning the impact resistance of composite
structures, important information about fiber-matrix adhesion and properties of matrix and fiber can
be obtained [40]. In particular, when a fiber-reinforced material undergoes a sudden load, the impact
energy is dissipated by the combination of fiber fractures, fiber pull-outs, and matrix deformations [59].
3.3.1. Effect of Sodium Bicarbonate Treatment
The average values of the impact energy per unit cross-sectional area for all the fiber monotype
laminates are shown in Figure 8. First of all, it is worth considering that the impact results revealed
a different behavior between the untreated natural fiber-based laminates. In particular, the impact
energy of unaged Flax-AR laminates is 46% higher than jute ones. This result is in accordance with
those achieved from the quasi-static characterization: i.e., the higher energy absorption capability
shown by flax laminates can be ascribed to the greater toughness of flax dry fabrics in comparison to
their counterparts (Figure 2). Regarding to the effect of the sodium bicarbonate treatment, it is shown
that the impact energy of jute laminates remains almost constant whereas a relevant decrease occurred
for flax laminates (i.e., −40%). This experimental evidence confirms the beneficial effect of the NaHCO3
treatment on the adhesion compatibility between flax fibers and epoxy matrix. Indeed, other authors
showed how the improvement of the compatibility between flax fibers and epoxy matrix leads to the
reduction of the composites impact energy [60].Materials 2019, 12, x FOR PEER REVIEW 12 of 18 
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Table 3 summarizes the impact properties of all the resulting laminates. The best impact energy
of the Flax-AR laminates can be ascribed to a quite double deflection at breaks, compared to other
samples. The decrement of the impact energy of flax composites after the sodium bicarbonate treat ent
is m inly due to the reduced deflection at break experienced by Flax-T laminates (i.e., 4.2%), noticeable
lower than that of Flax-AR laminates (i.e., 7.7%). Furthermore, a peak load increase is shown after
the NaHCO3 treatment (i.e., 180.6 N vs. 130.5 N), which evidences the improvement of fiber-matrix
adhesion due to the soaking of flax fabrics in the sodium bicarbonate solution. Vice versa, the quite
constant impact energy of jute laminates can be explained considering that the eco-friendly treatment
leads to issimilar effects on the variation of the peak load and of the deflection at break. While the
peak load decreases after the sodium bicarbonate treatment (i.e., from 284.8 N to 223.6 N), the deflection
at break of Jute-T laminates (i.e., 3.7%) results greater than that of untreated jute ones (i.e., 2.9%). These
results are in accordance with those of quasi-static and dynamic mechanical thermal tests, confirming
the slight detrimental effect of the proposed treatment on the adhesion between jute fibers and the
epoxy resin.
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Table 3. Impact properties of laminates.
CODE Impact Energy(kJ/m2) Peak Load (N) Deflection at Break (mm)
Flax-AR 21.54 ± 2.95 130.5 ± 11.0 7.7 ± 0.5
Flax-T 12.85 ± 2.06 180.6 ± 13.1 4.2 ± 0.3
Jute-AR 13.48 ± 0.90 284.8 ± 25.7 2.9 ± 0.3
Jute-T 14.72 ± 3.05 223.6 ± 20.7 3.7 ± 0.3
F-Hybrid-AR 18.77 ± 0.90 186.9 ± 11.7 5.4 ± 0.4
F-Hybrid-T 14.54 ± 0.90 225.5 ± 11.2 3.7 ± 0.2
J-Hybrid-AR 13.79 ± 1.64 237.8 ± 12.7 3.5 ± 0.3
J-Hybrid-T 15.18 ± 0.31 178.0 ± 5.8 4.2 ± 0.3
By analyzing the effect of the sodium bicarbonate treatment on hybrid configurations, it is worth
noting that the impact energy of J-Hybrid laminates slightly increases after the treatment (i.e., from
13.79 kJ/m2 to 15.18 kJ/m2) while F-Hybrid-T laminates show lower impact energy (i.e., 14.72 kJ/m2)
than F-Hybrid AR ones (i.e., 18.77 kJ/m2). These results can be explained considering that, as already
stated, the NaHCO3 treatment certainly improved the fiber-matrix compatibility for flax fibers whereas
a slight worsening effect is found for jute fibers. Hence, the hybrid stacking sequence having more flax
fabrics (i.e., F-Hybrid laminates) experiences a global decrement of the impact energy while J-Hybrid
laminates decrease their impact energy after the fiber treatment.
3.3.2. Effect of Hybridization
The impact energy per unit cross-sectional area at varying the stacking sequence for untreated
and treated natural fiber composite laminates is reported in Figure 9.
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The hybridization has a relevant effect on the i pact energy agnitude of untreated co posite
la inates (Figure 9a). A progre sive increase of the impact energy at increasing flax content in the
stacking fi ti can be identified. The impact performances of hybrid composites are
interm diate to the respective monolithic composite one . How ver, the laminate with the xternal flax
fabrics, characterized by a g eater resilience with respect to jute fabrics (identifiable also comparing
Jute-AR and Flax-AR samples), shows a ignificant increase i impact energy compar d to the hybrid
laminate with the complementary stacking sequence. Indeed, F-Hybrid-AR laminates exhibit n impact
energy bout 36% higher than J-Hybrid-AR lami ates (Table 3). This implies that this stacking sequence
configuration, for untreated natural fiber laminates, allows to obtain a mech nical perf rmance
compromise between these vegetable fibers by enhancing their strength properties (i.e., jute fibers) and
flexibility (i.e., flax fibers).
Vice versa, by analyzing the impact energy trend for hybrid laminates reinforced with treated
fibers (Figure 9b) an evident uniformity of data is observed: i.e., no noticeable differences can be
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identified. The soaking of both vegetable fibers in sodium bicarbonate solution homogenized the
performances of the fibers inducing a dissimilar effect on jute and flax fibers adhesion. Consequently,
in this case the hybridization choice in the composite design does not have any beneficial effect
on the final performance of the hybrid laminates. These considerations are congruent to bending
observations, where quite compatible results concerning the performance efficiency of hybridized
composites were achieved.
Overall, it can be concluded that the sodium bicarbonate treatment influences the impact
performances of the monolithic laminates whereas no noticeable changes are found for the hybrid
configurations. Consequently, it is possible to tailor the impact properties of the resulting laminates
by varying the stacking sequence just using untreated fabric as reinforcement. Vice versa, the impact
properties of the laminates reinforced with treated fibers are found to be quite constant, regardless the
stacking sequence.
3.4. Morphological Analysis
The morphology of the impact-fractured surfaces of untreated and treated jute and flax reinforced
composites is shown in Figure 10.
The Flax-AR sample (Figure 10a) is characterized by large and extended cracks, due to debonding,
triggered and propagated at the fiber/matrix interface: i.e., long gaps can be detected at the fiber-matrix
interface without the presence of the epoxy matrix sticking on the fiber surface. Conversely, the
untreated jute sample (i.e., Jute-AR), shown in Figure 10c, exhibits a higher level of adhesion, evidencing
a fracture surface without evident cracks. The structure is compact and some surface grooves due
to debonding of fiber bundles can be observed. This morphology suggests a suitable adhesion of
as received jute fabrics with the epoxy resin, whereas in the Flax-AR sample a lower fiber-matrix
compatibility can be considered as responsible of the lower mechanical performances observed for
this batch. Furthermore, by analyzing the fracture surfaces of epoxy-based laminates reinforced with
treated fabrics (i.e., Flax-T and Jute T shown in Figure 10b,d, respectively), useful considerations
concerning the effect of the NaHCO3 treatment on fiber/matrix adhesion can be argued. In particular,
few debonding regions can be identified in the fracture surface of Flax-T. At the same time, the interface
area between fiber and matrix does not show evident detachment zone. Occasionally matrix cracks
propagation takes place. This fracture morphology is compatible with previously discussed mechanical
results. Due to the sodium bicarbonate treatment, flax fibers improve their adhesion with the epoxy
matrix, thus leading to a consequent strengthening and stiffening of the resulting composites. The
presence of matrix cracks clearly evidences both that the stress transfer between fiber and matrix is
effective and that the limiting factor in the laminate resistance is not due to fiber debonding, but it
can be related to the crack propagation within the matrix bulk. Finally, by analyzing the fracture
surface of the Jute-T sample, there is evidence of the detrimental effect of the sodium bicarbonate
treatment on the fiber-matrix adhesion compatibility. Indeed, the fiber bundle is often exhausted and
unraveled limiting an effective interaction with the epoxy matrix. This morphology results in a higher
risk of debonding and consequent premature failure of the laminate at lower stress levels compared to
untreated laminate.
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4. Conclusions
All the experimental tests clearly show that, before the sodium bicarbonate treatment, jute fibers
exhibited a suitable adhesion with the epoxy resin whereas lower compatibility was experienced by
flax fibers. Furthermore, this treat ent allowed to improve the epoxy resin-flax fibers adhesion while
a slight worsening effect was observed for jute fabrics. Morphological investigation of the fracture
surfaces by SEM clearly supported these statements.
As a consequence, the main results can be summarized as follows:
• Jute-AR laminates, showing a predominantly elastic behavior with a brittle and catastrophic
fracture, evidenced higher strength and stiffness but lower strain at maximum stress than Flax-AR
laminates, characterized by a mainly elasto-plastic behavior. These results can be ascribed both
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to the mechanical behavior of dry fabrics and to the fiber adhesion with the epoxy resin used
as matrix;
• The NaHCO3 treatment led to noticeable improvements of the quasi-static properties of flax
reinforced composites whereas slight decrements of strength and modulus were exhibited by jute
composites. This different behavior was also shown by dynamic-mechanical-thermal analysis and
impact characterization;
• The hybridization had a relevant effect on the impact behavior of untreated composite laminates:
i.e., a progressive increase of the impact energy at increasing flax content in the stacking sequence
configuration was identified. Furthermore, hybrid laminates with external flax fabrics (i.e.,
F-Hybrid-AR) showed better quasi-static mechanical behavior than complementary stacking
sequence with external jute laminas (i.e., J-Hybrid-AR); and
• The coupled action of hybridization and NaHCO3 treatment does not lead to a beneficial and
reliable effect on the mechanical response of the investigated composite laminates (i.e., F-hybrid-T
and J-Hybrid-T).
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